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We study a simple extension of the minimal supersymmetric Standard Model in which the Abelian 
sector of the theory consists of B — L and right-handed isospin. In the minimal model this Abelian 
\ gauge structure is broken to the standard model hypercharge gauge group by non-vanishing vacuum 

, expectation values of the right-handed sneutrinos, resulting in spontaneous R-parity violation. This 

theory can emerge as a low energy effective theory of a left-right symmetric theory realized at a high 
' scale. We determine the mass spectrum of the theory, and discuss the generation of neutrino masses 

I and R-parity violating interactions. The possibility of distinguishing between R-parity violating 

models with a gauged U {1)b-l broken at the TeV scale at the Large Hadron Collider is discussed. 



P^. I. INTRODUCTION 
D ■ 

In models of physics beyond the Standard Model (SM) with low energy supersymmetry (SUSY), such 

^ , as the minimal supersymmetric standard model (MSSM) and its extensions, a conserved parity symmetry is 

' usually added to prevent rapid proton decay from dimension four operators. The most common symmetry 

o ' 

^ [ matter parity and B, L and S stand for baryon number, lepton number, and spin, respectively. The inclusion 

^ . of a conserved R-parity not only ensures the stability of the proton, but also allows for a stable lightest 



of this type is R-parity, which is defined as R = (— L)+2S _ (_i)25jy^^ which M is called 



superpartner (LSP) that is a good candidate for the dark matter of the universe. Hence, understanding 

spor 
I. Ill, 



^ ■ the origin of R-parity, and whether it is an exact symmetry or is broken spontaneously at some scale, 



pi \ is of key importance for theories with low energy supersymmetry (see e.g. 



supersymmetry and ||3 



2D for general reviews of 



for discussions of R-parity violation in supersymmetric models). 
To understand if R-parity is conserved or broken at energies relevant for tests of supersymmetry at the 
Lai^ge Hadron Collider (LHC), one can see from the definition of R-parity that it is useful to investigate 
scenarios in which — L is an exact symmetry of the theory at some scale (note that if i? — L is conserved, 
matter parity is also conserved). Such scenaiios ai^e also well-motivated from the theoretical point of view 
in that B — L emerges naturally in the context of many grand unified theories. However, for minimal 
models in which S — L is a local symmetry, if the matter content of the theory includes only the MSSM 
states (including right-handed neutrinos) such that no additional fields are introduced by hand, the inevitable 
consequence is that R-parity is spontaneously broken. 
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Scenarios with a spontaneously broken gauged B — L symmetry have the attractive feature that the R- 
parity breaking in the low energy theory is obtained in a controlled manner. In such scenarios, rapid proton 
decay can be avoided because baryon number can remain as a symmetry that is conserved at the perturbative 
level. Though the LSP neutralino dark matter framework is not applicable once R-parity is broken, it is well 
known that the gravitino can be a viable dark matter candidate. These models not only have the distinctive 
collider signatures associated with R-parity violation, but also if the gauged B — L symmetry is broken at 
the TeV scale, the gauge structure of this sector can be probed in detail at the LHC. 

To this end, two of the authors have studied extensions of the MSSM in which B — Lis part of the local 
gauge symmetry, but is broken at TeV energies by non-vanishing sneutrino vacuum expectation values. 
These models have included both left-right symmetric models jlOll and simple U{1)b-l extensions of the 



MSSM 



In, 



1211 . Of these scenarios, the left-right symmetric model of lIlOll is particularly minimal and 



economical in that it contains the simplest possible Higgs sector needed for the breaking of the left-right 
symmetry. However, for this scenario to be viable, the soft-breaking terms must not respect the discrete left- 
right parity symmetry, and hence it is not possible to simultaneously understand the origin of parity violation 
and R-parity violation in this context. It is also difficult to satisfy all of the constraints arising from flavor 
violation due to additional light Higgses in the theory. In contrast, the simple U{1)b~l extensions of the 



MSSM studied in In, 3] are anomaly-free U{1) theories with distinctive collider phenomenology due 
to R-parity breaking and the TeV scale Z' gauge boson associated with the gauged B — L symmetry. For 
phenomenological and cosmological aspects of the R-parity violating interactions see lisl . 

In this work, we investigate spontaneous R-parity violation within a model which naturally includes the 
best features of each of these scenarios. The model is a simple extension of the MSSM in which the Abelian 
sector of the theory consists of U{1)b~l and U{1)jr, the third component of right-handed weak isospin 
(the SU{2) R of left-right models). This theory is thus a simple U{1)b-l extension of the MSSM, but it can 
also be obtained from a left-right symmetric theory that is realized at some high scale when the SU{2)b. is 
broken to U{1)jr by an SU{2) triplet Higgs with zero B — L charge. We determine the full spectrum of 
the theory, and discuss the generation of neutrino masses and the properties of the Higgs sector. We also 
discuss ways to distinguish between this class of models via their Z' phenomenology at the LHC. 

This work is organized as follows. In Section III we present our model and discuss spontaneous R- 
parity violation. In Section III, we compute the full mass spectrum (including neutrino masses), and outline 
the details of the R-parity violating interactions. We discuss the methods for distinguishing between these 
different models for spontaneous R-parity violation in Section IV. Finally, we summarize our main results 
and conclude in Section V. 
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II. SPONTANEOUS R-PARITY VIOLATION IN A SIMPLE EXTENSION OF THE MSSM 

We consider an anomaly-free extension of the MSSM in which the electroweak gauge sector consists 
of SU{2)l U{l)jR U{\)b-l, in which U is defined to be the third component of right-handed 
isospin {SU{2)r). More precisely, the quark and lepton superfields have the electroweak gauge charges: 

= (U, b) ~ (2, 0, 1/3), ~ (1, -1/2, -1/3), 

b^ ~ (1, 1/2, -1/3), = (n, e) ~ (2, 0, -1), 



~ (1,1/2,1), iV^~ (1,-1/2,1). (1) 

The MSSM Higgses transform as 

(2,1/2,0), (2,-1/2,0). (2) 

This minimal set of superfields as described above is the full matter content within our model. Therefore, in 
order to break U{1)^r^U{1)b-l —>■ U{1)y, the sneutrinos must acquire non-zero vacuum expectation 
values, resulting in spontaneous R-parity violation (for previous discussions of sneutrino vacuum expecta- 
tion values, see e.g. |4, ^). Hence, within the minimal model (in terms of particle content) with this Abelian 
gauge structure, R-parity should be broken spontaneously. 

Before exploring the details of the gauge symmetry breaking and resulting R-parity violation in this 
model, we pause to comment on the connection of this scenario to left-right symmetric models (for previous 
discussions, see 181]). The gauge structure described above can be obtained as a low energy limit of a 
left-right symmetric theory based on the gauge group SU{3)c 5C/(2)i (g) 5[/(2)r (g) U{1)b-l- The 
SU{2)fi symmetry is broken at a high scale by a triplet H'^' ~ (1, 1, 3, 0) (generically present in this class 
of models as part of a pair of triplets, together with S ~ (1, 3, 1, 0)) to the Abelian subgroup U (l)/fl iSD- 
The origin of the parity violating interactions present in the MSSM (or in the SM) can then be understood 
once the left-right symmetry is spontaneously broken at the high scale. 

Indeed, spontaneous R-parity violation has been previously explored within a minimal fully left-right 
symmetric model in which the Higgs sector is composed only of Higgs bi-doublets, $j (2, 2, 0) jlOn . 
As discussed in lioll . the scenario can be consistent only if soft supersymmetry breaking terms do not 
respect the discrete left-right symmetry (i.e., if parity is broken in the soft breaking sector). To avoid strong 
mixing between the leptons and the charginos/neutralinos, the left-right symmetry should be broken at the 
TeV scale. However, in this case the several light Higgses present in the minimal version of the theory 
can result in unacceptably lai^ge flavor violation. In contrast, within the SU{2)i (g)f^(l)/« ^U{1)b-l 
scenario described in this paper, the scales of R-parity violation and left-right symmetry breaking {i.e., 
parity violation) are logically separated, and issues of flavor violation can be safely avoided. 



4 



Given the particle content in Eqs. ([T])-©, the supeipotential is given by 

Wij, = Wmssm + LHuN^, (3) 

in which the MSSM superpotential takes the form 

Wmssm = QHJJ^ + Y^ QHdD^ + Y, LRdE"^ + /i H^Hd. (4) 

In the above, we have suppressed flavor, gauge, and Lorentz indices. We do not adhere to any specific model 
of SUSY breaking, and hence the soft breaking terms are: 

?C\2 



\mblB'B' + 1 



+ ( A, LHu + Bfi Hu Hd + -MblB'B' + -Mr W^W^ + h.c. ) + Vj^'^f^'. (5) 



In Eq. dD, Mbl and Mr denote the gaugino masses for the U{1)b~l and U{1)jr gauginos, and V^^^^^ 
represents terms that are not relevant for our discussion of spontaneous R-parity violation in this model {i.e., 
the remaining gaugino masses, soft mass-squared parameters, and trilinear couplings of the MSSM). 

We now discuss gauge symmetry breaking and its connection to R-parity violation in this model. It is 
straightforward to compute the different contributions to the potential once one generation of left-handed 
and right-handed sneutrinos {u and u^), and the Higgses (Hu^d)^ acquire vacuum expectation values (VEVs) 
(P) = vl/ \/2, (t''^) = vr/ \/2, and {H^ ^ = Vu^/ \/2, respectively. These contributions read as 

{Vf) = \ {Yuf {vlvl + Vlvl + vlvl) + i/i^ {vl + vf) - -^y, ^i VdVLVR, (6) 

iVn) = ^ [^i {vl -vl-vlf + gl [vl + vl-vlf + gl, - vl) '] , (7) 
{Vsoft) = \{Mlvl + Ml^vl + m\y^ + ml^vi) + -^{A^ + AI) vrvlVu -^t{Bfi) v^va, 



2^2 

(8) 

in which g^, g2 and gBL are the gauge couplings for U{1)jr, SU{2)l and U{1)b~l, respectively. Mini- 
mizing the potential in the limit vr, v^, Vd^ vl yields: 



-8Mla+9l{vl-vj) 

VR=\ 2 , 2 ' 

V 9r + qIl 
^ vrBu 



l^^ = -\ iai + al) [vl + vl) + ^''\^^^^2 p^""" ^ and Bfi = 2f,^+mjj^+mjj^, (11) 
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in which 




Ml 



mjj^ + -gRVR, and Bi, = — {Y:,fiVd - AyVu) ■ (12) 



From Eqs. (l9l)-(fT0l). we see that while / if w/j ^ 0, is generically suppressed compared to 
vr. We also see from Eq. Q that the desired symmetry breaking pattern requires negative soft breaking 
terms for the right-handed sneutrinos, M'j^^ < 0. Such negative soft mass-squares can in principle be 
achieved via a radiative mechanism in the context of a high energy theory or in some gauge mediation 
mechanism. However, it is also worth noting that this requirement can be circumvented in the presence of a 
Fayet-Iliopoulos (FI) terms for the Abelian symmetries, as shown in Appendix B. For our purposes for this 
paper, we will restrict ourselves to the case without such FI terms and simply assume the presence of the 
required soft breaking terms at low energies. The remaining minimization condition, Eq. (fTTI ). is similar to 
the MSSM case except that Eq. (fTTI) now has extra contributions from the D-terms. As indicated by 
Eq. (fT2]) . these contributions are consistent with having a negative mass squared for the up-type Higgs. 



Once the sneutrinos acquire VEVs, R-parity is spontaneously broken and the low energy theory is sim- 
ilar to the bilinear R-parity violating MSSM. The traditional bilinear R-parity violating term is given by 
Y^vrL Hu, with coefficient suppressed by neutrino mass parameters. The kinetic term of the right-handed 
neutrino leads to a new R-parity violating mixing with the gaugino gRVRV^ B' , which is not suppressed 
by neutrino masses, but does not directly lead to dangerous low energy observables. Further biUnears can 
be derived in a similar fashion and will be proportional to and therefore suppressed by neutrino mass 
parameters. Effective trilinear terms appear once the neutralinos ai^e integrated out and will be doubly sup- 
pressed and proportional to the ratio of neutrino mass parameters to neutralino masses. It is important to 
emphasize once more that the baryon violating A" will not be generated and therefore neither will dimension 
four proton decay operators. 

When considering the gauge sector, we will work in the limit that — > for simplicity. Defining 
= + as usual, the neutral gauge boson mass matrix in the [B' , W^, ^l) b^sis is given by 



III. BILINEAR RPV INTERACTIONS AND MASS SPECTRUM 



ifl^ ,,2 









(13) 







\929RV'^ 



12 2 



in which Tx M\ = M^, + M| 



^9bl + Sr)'^\I^ + ^9r + si)^^/^- The neutral gauge boson masses 
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are given by 

Mlz^ = \ M + 9l) + {oIl + 9l) vl ^^{{gl + 9l) - {9%, + 4) 4)' + (14) 
and, of course, the massless photon. Expanding in = v"^ /v\ results in: 



« \ {4^ + 9i)v'(^--r^^^,\, (15) 

1 /'^2 I ^2 \ „,2 I I 



where one can define gf = 5^5'^/, /(^Ij + '■1'^ analogue of the standard model hypercharge gauge 

coupling. The p parameter constrains < lO""'. 
We proceed in the basis 

A = — cos 6w sin 9rB' + cos Ow cos 0rW^ + sin M^l, (17) 
Zl = sin 0vi/ sin 9rB — sin cos OrW^ + cos 9wWl (18) 
Zj^ = cos^ij^' + sin^i^iy^, (19) 

where, 6w is the weak mixing angle and 9r is the equivalent mixing angle of the right-handed sector with 
tanOR = —9r/9bl- In this basis, the massless photon {A) is a mass eigenstate and is projected out. The 
remaining 2x2 submatrix mixes Zl and Zr. This mixing angle ^ can be parameterized as 

Ml y 

tan2g = 2 , . ^^^^ , (20) 



where 



Mi -Mi. 



2 _ 1 9r 2 nr~r~2 _ i ^„2 , „2\ „,2 



M|^^^ = - ^;Y<7^ + 52^ = - {9t + 9^) v\ (21) 



and 



Mi = 7 (5^ + 5k) 4. (22) 



Keeping terms to order yields: 



with mass eigenstates 



i « ^^^^'+^1 6^, (23) 



Z = Zl cos ^ + sin ^, (24) 
Z' = Zr cos — Zl sin ^. (25) 
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Experimentally, the Z — Z' mixing angle ^ must be smaller than ~ 10 ^, which places a similar constraint 
on e as the p parameter. To zeroth order in ^, the couplings of the Z' gauge boson to the fermions are 



^Z'Jf = ^9l + 9%L [cos 4 Yif) - IsRif)] , (26) 

where Y{f) and /3j?(/) denote the hypercharge and the third component of the right-handed isospin. 

Once R-parity is spontaneously broken, mixing between the neutralinos and the neutrinos is induced 
in the low energy theory. It is well known, and has been extensively been discussed in the literature, 

nnnn 

that this mixing contributes to neutrino masses (for previous discussions, see e.g yL |4|, [IJ, uM)- In the 

z/, v^, B' , Wfj^, Wi^, H^, \ basis, the mass matrix is given by 



M 



N 








-\gBLVL 





\g2VL 





^Y^vn 


■^Y^Vu 





\gBLVR 


\gRVR 








^Y^v, 


-\gBLVL 


\gBLVR 


Mbl 

















\gRVR 





Mr 





\gRVd 


-\gRVu 


\g2VL 











Ma 


\g2Vd 


-\g2Vu 











\gRVd 


\g2Vd 







^Y^vn 


^Y^v, 





-\gRVu 


-\g2Vu 


-/^ 






(27) 



Integrating out the neutralinos generates masses for both the right-handed neutrinos and the light neutrinos. 
The right-handed neutrinos can then also be integrated out, resulting in further contributions to the light 
neutrino masses. The light neutrino masses are therefore generated thi^ough a double-seesaw mechanism, 
which includes both R-parity violating and Type I seesaw contributions. For phenomenologically acceptable 
neutrino masses, the neutrino Yukawa coupling Y^, must be of the order of ~ 10~^, even for the third 
generation. It is important to note that within left-right models, it is a challenge to obtain such a small 
neutrino Yukawa coupling and simultaneously generate appropriate charged lepton masses, although it is 
not impossible. Such models require two bi-doublets, both of which contains an up-type and down-type 
Higgs doublet and each with a different lepton Yukawa coupling. The Dirac masses of the charged leptons 
and the neutrinos are then different linear combinations of the product of the lepton Yukawa couplings and 
the appropriate VEVs of these bi-doublet fields and it is possible for one of these linear combinations to be 
quite small, while keeping the other large enough for the charged lepton masses. In the context of this work, 
in which we focus primarily on the effective TeV-scale theory involving the gauged B — L and rather 
than its parent left-right theory, we will not address this issue further. 

Therefore, in the limit that Yi^ is neglected for simplicity, the right-handed neutrino masses are given by 
Mj,c ~ g\v\/MR + q^^^v^/Mbl- Hence for neutrahno masses below a TeV, the right-handed neutrino 



masses are on the order of 100 GeV. Recall that in the case of the Type I seesaw 111911 . the light neutrino 
masses are given by = M^M-^{M^)'^. In this case, MjP has two different contributions: the first is 
governed by Y,y, and the second results from integrating out the neutralinos. Aside from the light neutrinos, 
there will be five electroweak mass neutralinos. Notice from the mass matrix above that substantial mixing 
exists between the right-handed neutrinos and the new Abelian gauginos and is of order TeV. 

In the scalar- sector of the theory, the sleptons and the Higgs scalars also mix as a result of R-parity viola- 
tion. Defining the Im [D, D"", H^, H^) basis for the CP-odd neutral scalars, the Re (z>, v"", H^, 
basis for the CP-even neutral scalars, and the [e* , e'^ , H^* , H^) basis for the charged scalars, the scalar 
mass-squared matrices are given by Eq. (l28l) . Eq. (l29l ) and Eq. (l30l ). respectively. The mass matrix of the 
CP-odd neutral Higgses is given by 



/ -VR 



Ml 



B, 



B„ 



B„ 



VR^^ 



V2' 



Bfi 



-j=,A^VR \ 

-j^.A^VL 

B^i 



(28) 



From Eq. (I28I ). it is straightforward to show that the expected two Goldstone bosons are obtained. For the 
CP-even neutral scalars, the mass matrix is: 



Ml 



02 



(29) 



in which 5^, S'^^j and Sj^ are given in the Appendix. The mass matrix for the charged Higgses is given by 



M, 



fi2 



C 



(30) 



in which the definitions of C|, C^^j and Cjj are also given in the Appendix. 

It is most illuminating to the study the scalar sector in the hmit of zero neutrino masses {vl , Yy, Ay — 
0), since the Higgs mass-squared matrices greatly simplify. In particular, the left-handed sneutrino decou 
pies from the CP-even and CP-odd Higgses with a mass that is given by 



m,- 



Mi 



1 



1 



^9blVr - -^92 [^u - ^d) 



(31) 



Imposing the experimental lower bound on the sneutrino masses results in a constraint on the relation 
between M? and the B—L contribution. The remaining 3x3 CP-odd mass matrix has two zero eigenvalues; 
the corresponding states are the Goldstone bosons that are eaten by the Z and Z'. The nonzero eigenvalue 
corresponds to the CP-odd MSSM Higgs, which has the same expression for its mass as in the MSSM. 
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The remaining 3x3 CP-even mass matrix can be further studied in the limit of large tan (3 and decou- 
pling of the heavy CP-even MSSM Higgs. This leaves a 2 x 2 mass matrix with potentially large mixing 
between the right-handed sneutrino and the MSSM Higgs: 



^ \\{91l+9r)vr -IorVuVr . ^^^^ 

-\gRVuVR \{gl+gR)r'^ 



This matrix has the same trace and determinant as Eq. (113]) . indicating that at zeroth order, the masses in 
this limit are given by 

^l.vc =Ml^\ [gl + gli) vl, (33) 
ml = Ml^-^{gl+gl)v\ (34) 

In the limit of vanishing neutrino masses, the charged Higgs mass matrix of Eq. (l30l) decouples into a block 
diagonal form, in which the upper 2x2 block resembles the MSSM slepton mass matrix and the lower 
2x2 block is identical to the MSSM charged Higgs mass matrix. Assuming small mixing in the slepton 
sector, the slepton masses are given by 

"^l =^l- \91l< + \gl {vl - vl) , (35) 

loo 1 



"^ifl = ^Ec + ^9blVr - ^gl {vl + vl- vl) . (36) 



The leading order corrections to the scalar masses typically scale as Y^vl. Such contributions are quite 
negligible as expected, since they are suppressed by the neutrino mass parameters. 

As in any theory with R-parity violation, mixing between the charged leptons and the charginos of the 
MSSM will occur in the charged fermion sector, ^e"^, , and ^ e, WJ^ , ^d^- this basis, the 

mass matrix is given by 



(-^Yev, ^y..,\ 



(37) 



Since the mixing between the charginos and the charged leptons of the MSSM is proportional to vl and 
Yy, small coiTcctions to the charged lepton masses can be generated once the charginos are integrated out. 
However, this contribution is always small once the neutrino constraints are imposed. 

The squark mass matrices in this theory differ from those obtained in the MSSM due to new D term 
contributions, as follows: 
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■' '■u 



a 



M? + m2 + -L v\-\gl {vl - vf) Au Vu - Vu va 

An Vu-Vuf^ Vd +ml- ^^gl^vl + l [v^ + vj - vl) 

(38) 

'M^+ml + ^ g%^ vl + 1^2 (^2 _ ^2^ Vd-Vdf^ Vu 

Ad Vd-Vdt^ Vu qIl 4 - \ 9r [v\ + vl- vl) ^ 

(39) 



in which niu and nid are the up-type and down-type quark masses, respectively. Let us assume for simphcity 
that the LR mixings in the squai^k sector is small and thus can be neglected. The diagonal (LL and RR) 
terms must then be positive definite to avoid tachyonic squarks, as well as satisfy the experimental bounds. 
Therefore Mj^ > -m^ + ^ vl + I gl {vl + vj- vl) and M^c > -ml + ^II «| - 
1 9r {^"r + ~ ' order to have a realistic spectrum. 

IV. DISTINGUISHING BETWEEN DIFFERENT SRPV SCENARIOS 

The collider phenomenology of this model at the LHC has distinctive features that are associated with 
the gauged i? — L at TeV energies and R-paiity violating signatures. The possibility of testing this class of 
models of spontaneous R-parity violation via the multilepton channels with different leptons, eeee, e^fifj,, 
eefifj: and others, from the sneutrinos decays D — > efej has been discussed in lvl\ . Within this class 

;h th 

for a detailed study of this production mechanism at the LHC. 



see 



of models, the sneutrinos can be pair produced through the Z gauge boson that present in these models; 

The models of spontaneous R-parity violation proposed here and in 111 , 12|] that involve a gauged B — L 
symmetry have many similar phenomenological features. Recall that these other scenarios are a minimal 
extension of the MSSM with U{1) b-l lllll . and an extended version in which U{1) b-l is augmented by an 
admixture of C/(l)y ll^ . Given the challenges of predicting the detailed decay patterns of the neutralinos, 
^0 (}^g other superpartner decays, we believe that the easiest way to distinguish between 

these models (at least as a first step) is through the properties of their Z' gauge bosons. In Table Jl we 
have displayed the couplings of the Z' gauge boson to fermions in each scenario. Note that these three 
scenarios are simple, anomaly-free models with minimal particle content in which spontaneous R-parity 
breaking can be achieved and the properties of the U{\)' gauge boson are prescribed. Hence, if a Z' gauge 
boson with some component of U{\)b~l is discovered at the LHC, the comparison of its properties from 
the pure B — L case can in principle reveal if any of these scenarios for spontaneous R-parity violation 
might be relevant (or other possibilities that we have not yet studied). Of course, we are considering the 
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Models 


Z f f Couplings 


U{1)yIS)U{1)b-l 


gBL{B-L)/2 


C/(l)y{g)C/(lU 


gx{aY + b{B~ L)) /2 




v/.9| + .9|l [coselY{f)^hn{f)\ 



TABLE I: The Z couplings to the fermions in the SRpV models involving a gauged U{1)b-l broken at the TeV 



scale studied here and in 111 



m. In the above, X^aY + b{B- L) 



Slepton Masses 


U{1)y^U{1)b-l 




Ml-\9l,vl + l{gl-gl){vl-vl) 




Mlc + \9lL^l + \gl{vl-vl) 




Ml-\gli^vl-\{gl+gl){vl~vl) 







TABLE 11: The minimal B — L model. 



ideal case where SUSY with R-parity violating interactions is discovered at the LHC. For further studies of 
how to characterize the couplings of a Z' at the LHC using leptonic channels as well as additional channels 



m. 



involving top and bottom quarks, we refer the reader to lllTl 

We now discuss the main differences between the mass spectrum of the sleptons in each SRpV model. 
In Tables JIl JII] and |IVl we show the mass spectrum in the limit f l — > for simplicity. Within a given 
SUSY breaking scenario that predicts M? and M"^^ , the main features of the spectrum in each case can 
be determined once values for vr, qbl, 9x, and tan (3 are assumed. Hence, if SUSY is discovered at the 
LHC, measurements of the detailed properties of the slepton sector can indicate whether the MSSM or any 
of these extended models is suggested by the data. 



Slepton Masses 


U{1)y^U{1)x 




Ml + j,9%i-l< + vl - vj) + \{gl - gl){vl - vj) 




Mlc + m9xi-i< + < - + bfK - vl) 








Mh 



TABLE IIL The U{1)y U{l)x model, in which X ^ aY + b{B - L) with a = 1 and & 



-5/4. 
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Slepton Masses 


C/(1),3 0C/(1)b-l 








^^|c + y%L^R - bii^i vl) 




Ml-hlLvl-hlK-vi) 




Ml 



TABLE IV: The LR-inspired model described here, in which the SM hypercharge is gi = gngBL/ \/9bl + 9r- 

V. SUMMARY AND DISCUSSION 

In this paper, we have discussed spontaneous R-parity violation in the context of a simple extension of 
the minimal supersymmetric Standard Model where the Abelian sector of the theory is composed of B — L 
and right-handed isospin. This model can be obtained as a low energy limit of left-right symmetric scenarios 
in which the scale of left-right symmetry breaking is much higher than the scale of R-parity breaking. We 
have analyzed the gauge symmetry breaking and low energy mass spectrum of the theory, including the 
generation of neutrino masses in this scenario. The nature of the resulting R-parity violating interactions 
and their phenomenological implications are also presented. We also described how to distinguish between 
this and other simple scenarios which include a gauged U{1)b-l as part of the Abelian gauge sector of the 
theory at the LHC via their Z' phenomenology. 

Within models with a gauged U{1)b~l, if 3. minimal particle content is assumed then R-parity will be 
spontaneously broken. Indeed, in this class of models, R-parity is only an exact symmetry if the Higgs sector 
is extended to include additional SM singlets which have even B — L quantum numbers. Only experiments 
will tell us if R-parity is an exact symmetry at low energies, but in our view, the possibility of spontaneous 
R-parity violation as investigated in this paper is quite appealing and provides phenomenological signatures 
that should be considered in searches for supersymmetry at TeV energies. 

The simple and economical model studied in this work not only has direct connections with grand 
unification, but as with other scenarios with a gauged B — L symmetry that is broken at TeV energies, it 
provides a simple and calculable scenario in which to study R-parity violation at the LHC. Such models 
of spontaneous R-parity violation avoid the standard concerns of supersymmetric theories associated with 
rapid proton decay, and can provide in the gravitino a viable dark matter candidate. Furthermore, this 
class of models also yield simple, anomaly free U{1)' gauge extensions of the MSSM with distinctive 
couplings of the Z' to the fermions in the theory. The Z' phenomenology of such simple U{1)' scenarios 
is certainly worthy of further study. Given these attractive features, such well-motivated alternatives to R- 
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parity conserving models such as the MSSM (and many of its extensions) warrant further attention in this 
era of unprecedented exploration of TeV scale physics at the LHC. 
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APPENDIX A: GENERAL SCALAR POTENTIAL AND MASS MATRICES 

Here we discuss the properties of the scalar potential, taking into account the possibility of vacuum 
expectation values for all three generations of the sneutrinos. Neglecting CP violating effects and defining 

< ifO >= Vul^Fi, < >= Vd/V^, < >= vi/V2, and < {u'^Y >= vyV^, the scalar potential is 

V = \{vi y:^ vQ' + ^{vi + vi) - y:^ 4 V, - \vi (y:^ y:^ 4 + 4 y;^- vIy;^^ 

+ \l^Hlvl + ^ (-^^i VrVu - BfiVuVd + h.c.^ . (Al) 

In the case in which only one generation of sneutrinos acquire vacuum expectation values and in the limit 
that the Yukawa coupling and the trilinear term are flavor diagonal, the results of Section II are reproduced. 

In the \/2Re{D,u'',H^,H'^) basis for the CP-even scalars and the {e* , e"" , H^^* , H+) basis for the 
charged scalars, the mass matrices for these two sectors are given by Eq. ( |29l ) and Eq. (l30l ). in which 



^ I I {al + 91l) vl + if^B, -hlL^LVR + {Y^f VLVR - I ^^^^ 

\glL^LVR + {Y,fvLVR-B, l{gl^+gl)vl + ^B, 



sIh ^ I r-^: ^ ^' ."-^r ^ ^ . . ^ ^ . ^2 ^ - , (^3) 



^\gRVdVR - -^y^^fJ- VL -\gRVuVR + {Y^f VuVR + -^A^VL 



^ , I {gi + gl) vj + ^^B^ + -i {gi + gl) - B, ^^^^ 

^ -il + gDvuVd-B^, \{gl+gl)< + ^B^^-^ 



4 
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C 



•-^11 



Be 



22 y 



(A5) 



^2 _^ 



YeYuVuVR + V^AeVL Y^YyVaVR + V2YefI Vl 



(A6) 



r2 



with 



+ bivuv, \gi {vl + vl) + ^5/. - i (y.)' - 



I'll 
(A7) 



^2 _ „2 /„,2 „,2^ I 1t^2„,2 1\^2„,2 , 



= ^92 (< - «d) + - < + (A8) 



CI2 = - -gl (4 + - + -gl^ (4 - 4) + -Y^ + 4) , (A9) 
where B^ = ^ {Y„nvd - A^^Vu), and Be = ^ (Yeii Vu - A^Vd). 



APPENDIX B: FAYET-ILIOPOULOS TERMS 



We now describe the case in which the potential includes Fayet-Iliopoulos D terms: Vpi = ^rDr + 
^blDrl- In this case the minimization conditions take the form 



/ -8^4^ - 4 {gRiR - gBL^BL) + 4 {vl - v^^ 

VR = \ 2~ 2 ' (^1) 

V 9r + qIl 

^ vrBu 

Ml + \gBLiBL-\gl,vl-\gl{vl-v'^' 

9 1/9 9 N / 9 9N ^4 ^^II^ /? - 

= - 3 (.i + 9l) {vl + + ^_,,,2^ (B3) 
5/i = 2/i2 + m2 (B4) 



in which 



= ^Hu - ^9R^R - lahh = + ^9R^R + ^9rVr^ ^ ^ (Yuf^va - A^vu) . (B5) 

If the B — L Fl-term, ^bl> is large and positive, note that we can have a consistent mechanism for sponta- 
neous R-parity violation even with positive soft mass-squared terms for the sneutrinos. In this case, 

CI2 = - ^ (9rCr + 9blCbl) - Igl {vl + vj- vl) + (4 - vl) + ¥(^1 + 4)' (B6) 
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and the squark masses (assuming negligible mixing) read as 

"^II = - IdBL^BL + ^91lVr + I gl [vl - vfj (B7) 

"^1 = ^l- \9BLiBL + ^ qIl 4 - \ al {vl - vl) (B8) 

'TT-lfl = + ^9bUbl + ^gR^BL - ^ qIlVr + ^ 9r {vr + vj - vl) (B9) 

= ^Ic + ^9BL^BL - ^gR^BL - ^ 9blVr - ^ 9r {vr + vj - vl) . (BIO) 

Again, once the bounds on the superpartner masses are imposed interesting correlations can be obtained. 
Further details of the phenomenology of this model will be investigated in a future publication. 
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